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Abstract

233U resonance parameters of the ENDF/B-VIII.0 nuclear data library were

adopted from previous ENDF/B-VII.1 evaluation using the external levels to

update the thermal values. Adoption of IAEA 2017 thermal standards (σf =

533.0± 2.2 b, σc = 44.9± 0.9 b, and νtot = 2.487± 0.011) and of the IAEA rec-

ommended thermal-neutron induced prompt fission neutron spectrum (PFNS)

with average PFNS energy of 2.030 ± 0.013 MeV require a re-evaluation of

233U neutron cross sections in the resolved resonance region. A newly pro-

duced evaluation is being tested on carefully selected benchmarks from the

Handbook of International Criticality Safety Benchmark Experiments (ICS-

BEP) which are highly sensitive to 233U data. An important goal of this work

was to eliminate the strong negative gradient of the calculated effective mul-

tiplication factors keff with respect to the epithermal fission fraction observed

in ENDF/B-VIII.0 validation for those assemblies. A significant improvement

in integral performance of critical 233U solutions is observed for the newly pro-

posed evaluation. Further work addressing the fast neutron region is needed.
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1. Introduction

The neutron fission and capture cross sections of 233U are of paramount

importance to criticality safety, shipping communities, and the development of

different reactor designs, including breeder reactors. Particularly within the

Nuclear Criticality Safety Program, the measurement and related evaluation of

the neutron resonance parameters of 233U have been identified as priorities for

the support of criticality safety analyses of the fuel drain and fuel flush tank of

the Oak Ridge National Laboratory (ORNL) Molten Salt Reactor Experiment.

Additionally, the 233U is the fissile nucleus of the thorium-based nuclear

fuel cycle (often called Th/U fuel cycle). The Th/U fuel cycle offers many

advantages for future energy production that have been discussed by the Inter-

national Atomic Energy Agency [1, 2] including proliferation resistance, much

smaller build-up of long-lived higher actinides which are the main source of long-

term residual radioactivity in nuclear waste, and the fact that world reserves

of thorium are much larger than uranium reserves. The above advantages have

resulted in an increasing worldwide interest in innovative fuel cycle concepts

based on thorium like some Molten Salt Reactors.

In light of the strong negative gradient as a function of the epithermal fission

fraction (FEPIT) observed in both ENDF/B-VII.1 and ENDF/B-VIII.0 nuclear

data libraries [3, 4], the aim of the present work is to check the adequacy of the

integral measurements reported in the International Criticality Safety Bench-

mark Evaluation Project (ICSBEP) Handbook [5], as well as to verify the trend

and whether it is caused by 233U or some other operational materials present in

the benchmarks. At the same time, the need of a reevaluation of the 233U res-

onance parameters is motivated by updated thermal neutron constants [6] as

well as by recent fission cross-section measurements [7] reporting an underes-
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timation of up to 10% in the evaluated fission cross sections of the recently

released ENDF/B-VIII.0 nuclear data library. In fact, although the previous

R-matrix analysis performed by Luiz Leal [8] was built on precise 233U(n,f)

and 233U(n,tot) cross section measurements [9, 10] performed at the Oak Ridge

Electron Linear Accelerator (ORELA) (1997–2000), only the shapes of ORELA

fission cross sections were used to determine their magnitude.

Also of interest is the expectation that high-leakage fissile solutions are very

sensitive to prompt fission neutron spectra (PFNS) average energy; and a lower

value of the PFNS average energy increases criticality significantly, as demon-

strated in Ref. [11].

The average PFNS energy of 2.030± 0.013 MeV used in the new evaluation

was derived using a non-model fit of available data from the work on stan-

dards at the International Atomic Energy Agency (IAEA) [6, 12]. This derived

PFNS was significantly softer than previously used values of 2.074 MeV in both

ENDF/B-VII.1 and ENDF/B-VIII.0 nuclear data libraries [3, 4].

Because of the important interplay between the reaction cross sections and

the PFNS in benchmark calculations, there was a clear need to update the

resonance evaluation once the PFNS was updated. The newly adopted PFNS

was composed in the high-incident-energy range by the PFNS evaluated by

M. Rising et al. [13] within the coordinated research project on the PFNS of

actinides [14] and contributed by Patrick Talou from the Los Alamos National

Laboratory [12].

The importance of the n+233U data for nuclear applications is justified

by both experimental and validation parallel activities performed in Europe.

Among these, there is the recent experimental work performed at the n TOF

facility to measure the 233U α-ratio [15] as well as the extensive work to validate

actinide nuclear data based on reactivity experiments [16].

2. Initial Benchmark Analysis

To check the possible bias introduced by the use of operational materials such

as beryllium or polyethylene as reflectors in the benchmarked 233U solutions,
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the first test was performed on an evaluated data file updated only with the

PFNS component and based on the reaction cross sections reconstructed from

the resonance parameters reported in the ENDF/B-VIII.0 library.

Figure 1: Comparison between measured and predicted reactivity as a function of the case
number for the 31 cases of the U233-SOL-THERM-015 benchmark. The calculated reactivity
refers to ENDF/B-VII.1 (“e71”), JEFF-3.3 (“jeff33”), ENDF/B-VIII.0 (“e80”), and current
work (“e80u3a3”).

Calculated reactivities of the 233U solution benchmarks are widely scattered,

which makes it difficult to identify biases and trends in the results. For this rea-

son, initial analysis was done on a series of cases denoted in the ICSBEP Hand-

book as U233-SOL-THERM-015, abbreviated UST015 for short. The bench-

mark solutions were part of the Falstaff program carried out at the Lawrence Liv-

ermore National Laboratory in 1950s with beryllium and polyethylene–reflected

uranyl-fluoride solutions in spherical vessels of different sizes. The set con-

sisted of 31 cases with nitrate solutions of different concentrations and with

different sphere diameters and reflector thicknesses. The predicted reactivity

as a function of the FEPIT (sometimes referred to as the above-thermal fis-

sion fraction), calculated using the provided benchmark computational models
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for MCNP, is shown in Fig. 1 using evaluated data from ENDF/B-VII.1 [3],

ENDF/B-VIII.0 [4], JEFF-3.3 [17], and the current work (labeled “e80u3a3”).

The results compare with the benchmark measured values similarly to the trend

reported in the ENDF/B-VIII.0 nuclear data library, with the notable exception

of a large positive shift in reactivity of about 500 pcm for the updated library.

This shift is consistent with the fact that the newly evaluated data feature a

softer neutron spectrum than seen in previous evaluations, therefore increas-

ing the criticality for small spherical solution assemblies with relatively large

leakage-neutron fraction.

Figure 2: Comparison between measured and predicted reactivity of UST015 cases as a func-
tion of the beryllium reflector thickness dBe.

To study the impact of reflectors on UST015 criticality, the same data are

plotted as a function of beryllium reflector thickness in Fig. 2. Benchmark solu-

tions containing only polyethylene reflectors do not show any significant gradient

for any of the evaluated libraries, and the calculated reactivities are practi-

cally within the uncertainty band for the updated 233U evaluation. Benchmark

solutions containing thin beryllium reflectors (below 3 cm thickness) without
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polyethylene seem to strongly underpredict reactivity. Most of the remaining

cases agree fairly well with the reference benchmark values for the e80u3a3

evaluated file.

As highlighted in Table 1, the underprediction of reactivity seems to be

strongly emphasized in assemblies featuring only beryllium reflectors thinner

than 3 cm, e.g., cases 6, 8, 9, 18, and 19 (marked with *). Polyethylene reflectors

do not exhibit a similar trend (e.g., cases 7, 10, 17, 25); neither is such a trend

observed in cases that have an additional polyethylene layer on the outside of

the beryllium reflector (e.g., cases 4 and 14). Since only the cases with a thin

beryllium reflectors deviate from the general trends, we assumed there could

be unidentified problems with measurements or benchmark specifications, so we

excluded them from the subsequent analysis. After excluding the cases with

Figure 3: Differences in predicted reactivity from the reference benchmark value as a function
of the epithermal fission fraction, FEPIT, without the thin beryllium outliers.

thin beryllium reflectors the problem in the underestimation of reactivity is still

evident, as shown in Fig. 3. The gradient in reactivity as a function of FEPIT is

marked by a large decrease in reactivity when FEPIT exceeds about 40%. The
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Table 1: Falstaff cases numbered by the solution and sphere numbers for the corresponding
radius Rsol, steel vessel thickness dss, beryllium reflector thickness dBe, and polyethylene
thickness dPe, as applicable.

Case Solution Sphere Rsol dss dBe dPe

(No.) (No.) (No.) (cm) (cm) (cm) (cm)

1 4 1 7.8726 0.0483 9.1700
2 4 2 8.5152 0.0483 6.5800
3 4 3 9.0079 0.0483 5.2700
4 4 3 9.0079 0.0483 1.1400 4.8800
5 4 4 9.6633 0.0483 3.8900
6∗ 4 5 10.1625 0.0482 2.9000
7 4 5 10.1625 0.0482 3.5700
8∗ 4 6 10.7992 0.0483 1.9900
9∗ 4 7 11.4152 0.0483 1.2400

10 4 7 11.4152 0.0483 1.6800
11 5 1 7.8726 0.0483 9.7300
12 5 2 8.5152 0.0483 7.0900
13 5 3 9.0079 0.0483 5.5900
14 5 3 9.0079 0.0483 1.1400 6.2000
15 5 4 9.6633 0.0483 4.0900
16 5 5 10.1625 0.0482 3.2000
17 5 5 10.1625 0.0482 4.0400
18∗ 5 6 10.7992 0.0483 2.0800
19∗ 5 7 11.4152 0.0483 1.3700
20 6 1 7.8726 0.0483 11.9100
21 6 2 8.5152 0.0483 8.5300
22 6 3 9.0079 0.0483 6.6800
23 6 4 9.6633 0.0483 4.9000
24 6 5 10.1625 0.0482 3.8200
25 6 5 10.1625 0.0482 5.5100
26 7 3 9.0079 0.0483 10.0800
27 7 4 9.6633 0.0483 7.4900
28 7 5 10.1625 0.0482 5.9200
29 7 6 10.7992 0.0483 4.4200
30 7 7 11.4152 0.0483 3.3000
31 7 8 12.4564 0.0483 1.8400

∗ Large outliers in the benchmark calculations.
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analysis indicates that the problem is very likely linked to the 233U reaction

cross sections. In Fig. 3 the results with the ENDF/B-VIII.0 233U evaluation

(labeled e80) are compared to those using updated PFNS (labelled e80u3a3).

The results indicate that the new PFNS causes a significant positive shift in

reactivity, although the gradient as a function of FEPIT in these benchmarks

with relatively hard neutron spectra remains practically the same.

3. Thermal Neutron Constants

The recommended Thermal Neutron Constants (TNC) [6] are shown in Ta-

ble 2 compared to thermal values adopted in ENDF/B-VII.1 and ENDF/B-VIII.0 nu-

clear data libraries as well with the values adopted in the current evaluation.

Note that the JEFF-3.3 library adopted the ENDF/B-VII.1 evaluation. The

changes in capture cross section in ENDF/B-VIII.0 are greater than the re-

ported uncertainty of the Standard TNC. The 233U(n,f) cross section at thermal

in the ENDF/B-VII.1 library is at the lower limit of the evaluated TNC which

seems to be compensated by an overestimated total neutron multiplicity νtot.

The thermal values adopted in the new evaluation are consistent with the new

standards TNC evaluation well within the quoted uncertainties.

Table 2: The 233U thermal neutron constants and their absolute uncertainties (in paren-
theses) are shown in the left column compared to the ENDF/B-VII.1 (center) and
ENDF/B-VIII.0 (right column) adopted values. The thermal values of the current evalua-
tion are reported in the last column.

Constant Standard TNC ENDF/B-VII.1 ENDF/B-VIII.0 Current

σnf (b) 533.0 (2.2) 531.3 534.1 532.2

σnγ(b) 44.9 (0.9) 45.3 42.3 44.6

σnn(b) 12.2 (0.7) 12.2 12.2 12.2

νtot 2.487 (.011) 2.497 2.485 2.487

4. Prompt Fission Neutron Spectrum

4.1. Thermal energy range

Simultaneous PFNS evaluations of thermal neutron–induced fission of 233U,

235U, and 239Pu [12] were produced by using the least-squares GMA fitting
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method [18, 19]. The measured data included in the fitting procedure were

both absolute spectral data and data relative to the 252Cf spontaneous fis-

sion reference spectrum, including the corresponding covariances evaluated by

Mannhart [20, 21, 22]. The derived non-model evaluation (according to the clas-

sification discussed in Ref. [23]) was purely based on experimental data following

the methodology developed in Ref. [24].

The resulting average energies of the PFNS evaluations for thermal neutron–

induced fission were 2.000±0.01 MeV for 235U, 2.030±0.013 MeV for 233U, and

2.073±0.01 MeV for 239Pu thermal neutron–induced PFNS [12]. Those average

energies were determined from about 25 keV up to 10 MeV of emitted fission

neutrons, a range containing almost 99% of the spectra. Note that the derived

PFNS average energies at the thermal point were about 30 keV lower than the

energies used in previous ENDF/B libraries [3, 25] for these fissile targets.

Additional validation of the joint PFNS evaluation at the thermal point was

provided by the excellent agreement with alternative evaluations of 235U(nth,f)

PFNS as discussed in Refs. [12, 26, 27]. The new 235U(nth,f) PFNS was the one

used in the CIELO project evaluation [28, 29, 30, 31, 32] that led to the new

235U file adopted by the ENDF/B-VIII.0 library [4].

4.2. Fast energy range

The IAEA Coordinated Research Project on PFNS of major actinides [14]

also included evaluations of the PFNS induced by fast neutrons in uranium and

plutonium isotopes with up to 5 MeV of incident neutron energy, in particular in

233U targets [13]. This evaluation was adopted for the current file for fast neu-

trons above the thermal point up to 5 MeV. Those evaluations were obtained

using the Kalman filter [33], in conjunction with the Los Alamos model [34]

predictions, as the prior information and experimental data sets used to up-

date this information and thereby generate the posterior evaluated results. The

only modification from the original Los Alamos model [34] was the introduction

of non-isotropic emissions of the neutrons in the center-of-mass of the fission

fragments. The resulting PFNS evaluations by Rising et al. [13] confirmed the
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lower PFNS average energy derived independently by a non-model fit for all

fissile isotopes [12].

5. R-matrix Analysis

5.1. Background

The resolved and unresolved resonance evaluations reported in the ENDF/B-VIII.0 li-

brary were performed in 2001 for the ENDF/B-VI.8 library and were succes-

sively adopted by the different releases of the ENDF library. With upper energy

limits of 600 eV and 40 keV for the resolved and unresolved resonance ranges,

RRR and URR, respectively, these evaluations followed the series of neutron

transmission and fission measurements performed at ORELA. The accuracy of

the resonance parameters and their averages resulted from the excellent exper-

imental conditions of the newly measured ORNL neutron transmission and fis-

sion data. They were a large improvement compared with previous evaluations

which, at that time, allowed accurate calculation of the cross sections over the

energy range only up to 150 eV. In fact, to enable the R-matrix analysis over an

extended energy range, the newly measured 80-meter-flight-path transmission

data accounted for a highly enriched thick sample cooled to 11 K [10] and the

fission measurements [9] for an experimental resolution better, by far, than any

of the previous measurements 2. However, after the ability of the evaluated cross

sections to reproduce the effective multiplication factors keff for various ther-

mal, intermediate and fast systems was tested, the average fission cross sections

above 100 eV were based on the values of Weston’s measured data [35, 36] to

obtain better agreement with the intermediate energy systems. The discrepancy

between ORELA average fission cross sections and the adopted measured data

was not understood. Therefore, although the high-resolution data measured at

2The cooling of the sample was a technique used at the ORELA facility to reduce the
resonance widths by decreasing the Doppler broadening by about a factor of 2 compared to
measurements performed with a sample at room temperature. Due to the weak coupling of
the atoms in the crystal assumed by the free gas model, an effective temperature (usually
larger than the actual temperature) was used to numerically simulate the Doppler broadening
of the measured resonances.
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ORELA were essential to identify the systematics of the resonance parameters,

the R-matrix analysis in the high-energy part of that work consisted of a shape-

fitting analysis of the ORELA fission cross sections adjusted to other available

measured data.

Almost a decade after the series of ORELA measurements and two releases

of the ENDF library, a measurement of the 233U fission cross sections [7] was in-

dependently performed at the neutron time-of-flight (n TOF) facility at CERN.

It showed agreement with previously measured ORELA fission data within 2%

in the neutron energy range from 10 eV up to 100 keV. Moreover, benchmark

calculations performed in view of the ENDF/B-VIII.0 release, and other inde-

pendent criticality safety analyses, revealed a strong negative gradient of the

effective multiplication factors keff for the thermal and intermediate energy con-

figurations. In this regard, the adjustment of the ORELA fission cross section

chosen in the previous evaluation seems to have been affected by a strong bias

toward benchmarks sensitive to the intermediate energy region.

As a first step forward in resolving the poor systematics of the benchmark

calculations, as predicted by the previous evaluation, the present work includes

an updated R-matrix analysis consistent with the newly evaluated constant

values in the thermal neutron region and the ORELA fission cross sections in

the neutron energy region above 100 eV. Moreover, both the definition of the R-

matrix external function with related covariance quantification and the analyses

of both ORELA transmission and fission data sets in the neutron energy region

above 600 eV, in relation to their specific experimental conditions, are discussed

as a fundamental step for further extension of the resolved resonance range.

5.2. External R-matrix function

The definition of the energy levels and corresponding reaction resonance

widths in the energy region below and above the limits of any multi-channel R-

matrix analysis is of fundamental importance. The negative levels are usually

referred to “bound levels,” and the related resonance parameters are highly

sensitive to the reaction cross sections in the thermal energy range and below.
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In the particular case of fissile actinides with small average level spacing typical

of odd-A nuclei such as 233U and 235U, the analysis of the negative levels requires

particular attention. The reason is that the resonance parameters for negative

levels close to zero are crucial to fitting both the measured energy (positive)

levels close to zero—i.e., below 0.5 eV—and the fission and capture reaction

channels that, in the thermal energy region, define almost entirely the magnitude

of the total cross section. In this regard and within the limits of this subsection,

the definition of the external R-matrix function and correlations among the

reaction cross sections are analyzed.

Among the several methodologies used for defining the energy-dependent

contribution of the external levels, the definition of fictitious external reso-

nances based on the systematics of the fitted resonance parameters is a con-

venient method often used in nuclear data evaluations. Similarly, the external

R-matrix function originated from the statistical properties of the resonance pa-

rameters; but it was defined by the average reaction cross sections reconstructed

from sets of resonance parameters and energy and reaction (neutron and fission)

widths, randomly sampled from the Wigner and Porter-Thomas distributions,

respectively. The random sampling of the resonance parameters and the related

average of the reaction cross section are thought to account for the large vari-

ations of the external R-matrix function due to the closeness of negative levels

to the zero energy.

In Fig. 4, the n+233U average reaction cross sections reconstructed from 100

sets of resonance parameters randomly sampled and defined over the energy

regions between -600–0 eV and 600–2500 eV are shown as solid lines for each

reaction channel and compared with the external R-matrix function reported in

the ENDF/B-VIII.0 evaluation plotted as dashed lines. According to the Wigner

distribution for the two s-wave J-spin populations used for sampling the energy

levels,the level spacings are D0,2+ = 1.95 eV and D0,3+ = 1.40 eV. In the R-

matrix framework of the Reich-Moore approximation, the capture width was

kept constant at Γγ = 39 meV. Within the Porter-Thomas distribution with

degree of freedom ν = 1, the adopted neutron widths for the sampling were
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Figure 4: The n+233U average reaction cross sections reconstructed by sampling 100 sets of
resonance parameters are shown as solid lines. The reconstructed cross sections taken from
the ENDF evaluation are plotted as dashed lines.

Γn0,2+ = 0.21 meV and Γn0,3+ = 0.14 meV. With the same degree of freedom,

the values of the fission widths were assumed to be the same for both channels

and were Γ
f1,2
0,2+ = 1300 meV and Γ

f1,2
0,3+ = 880 meV. As expected, the elastic

cross section for both cases was constant over almost the entire energy range.

Reflected in an increased total cross section with respect to ENDF/B-VIII.0,

the largest deviations were visible for the capture cross sections below 1 eV and

the fission reaction channel above 0.1 eV. With the generated R-matrix external

function, the fraction of the thermal constant values to the total value for each

reaction channel can be estimated. These were about 57% and 42% for the

fission and capture channels, respectively. Above 300 eV, the anti-correlation

between the elastic and reaction (fission and capture) channels was also evident

and was confirmed by the cross-reaction correlation matrices shown in Fig. 5.

The reaction-reaction matrix of all channels shows strong, positive, long-range

correlations up to 300 eV. Above that, the correlations are still large but are
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uncorrelated or slightly anti-correlated with the region below. The covariance

analysis shows extremely large uncertainty (above 100%) associated with the

calculated average cross sections in the low-energy range up to a few eV. This

is explained by the large sensitivity of the different randomly sampled sets of

resonance parameters affecting the low-energy tail of the fission and capture

cross sections.
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Figure 5: Correlation matrices of n+233U average reaction cross sections reconstructed by
sampling 100 sets of resonance parameters are shown in palette colors from fully negative
correlation (in black) gradually to fully positive correlation (in red).

The reported covariance analysis of the R-matrix external function depends

greatly on the choice of statistical properties of the resonance parameters, i.e.,

level spacing and average reaction widths. However, the large cross section cor-

relations defined by the resonance parameters of this function, coupled to the

extremely large sensitivity of the resonance parameters related to the level spac-

ing, are a common feature in the R-matrix theoretical framework. As a relevant

step in the evaluation procedure, this is particularly important for the uncer-

tainty quantification of the resonance parameters defined for negative energies
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in relation to the optimization techniques used to fit the available measured

data sets, including thermal constant values.

5.3. Current updates up to 600 eV

A preliminary set of resonance parameters for more than 700 levels was ob-

tained in the neutron energy range between thermal and 600 eV by the fit of

selected transmission, fission, and capture measured data. Starting from the

values of the resonance parameters reported in the ENDF/B-VIII.0 library, the

first step of the evaluation process was to recalibrate the fission cross sections in

the energy region above 50 eV to the average values reported in the ORELA and

nTOF fission data measured by Guber and Calviani, respectively, as shown in

Fig. 6. In contrast with the Weston simultaneous fission and capture measure-

ments were limited to 2 keV, the ORELA and nTOF fission data were measured

over an extensive energy range. Accordingly, these two data sets become very

important to guarantee compatibility between RRR and URR, although the

lack of a simultaneous measurement related to the capture reaction channels as

performed by Weston would have been ideal for the current analysis. Although

a direct comparison with the measured data was not possible owing to the dif-

ferent experimental conditions, a systematic increase in the average fission cross

sections was reported by both measurements. This increase was reproduced

relatively well by the calculated average cross sections reconstructed from the

newly updated set of resonance parameters. To perform a meaningful compari-

son with the measured data as shown in Fig. 7, the calculations were obtained

by the convolution of the theoretical cross sections calculated from the selected

resonance parameters and the experimental conditions such as Doppler and res-

olution broadening, as well as the corresponding experimental energy binning.

The second step of the evaluation process was to incorporate the thermal

constant values newly evaluated by the IAEA project in standards cross sections

for the elastic, fission, and capture reaction channels. As shown in Fig. 6,

several measured data sets—such as Moore [37] and Pattendend [38] for the
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Figure 6: Experimental database for selected measured data with corresponding energy range.
The total/transmission data sets are shown in black and the fission and capture data in red
and blue, respectively. Experimental data featuring the simultaneous measurement of fission
and capture reaction channels are shown with joint colored bands.

total cross sections and Weston [35, 36] for both fission and capture extended

over the thermal and low-energy region— were scaled according to their isotopic

enrichment to the newly evaluated standards thermal values for consistency.

The preliminary sequential fit of the selected measured data, including thermal

constant values from the standards, yielded thermal constant values (calculated

at T=0 K) +0.6% and +3% for the elastic and capture channels higher than

the ENDF/B-VIII.0 evaluation, and -0.2% lower for the fission reaction channel.
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Figure 7: Average measured fission cross sections compared with the values calculated from
the ENDF/B-VIII.0 resonance parameter and present work. The calculated values include ex-
perimental corrections such as Doppler and resolution broadening, as well as the corresponding
experimental energy binning.
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These changes left the total cross section almost unchanged. The result of the

preliminary sequential fit with available measured data for the total, fission, and

capture reaction channels is shown in Fig. 8.
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Figure 8: Comparison between measured and calculated cross sections for total, fission, and
capture cross sections in the energy range between 0 and 600 eV. The plotted data sets are
scaled for visibility purposes.

For the 233U evaluation, the fit-shape analysis of the fission and capture cross

sections below 0.2 eV required particular attention because of the low-lying level

at about 0.17 eV and the high sensitivity related to the criticality benchmarks.

Well defined in the experimental capture cross sections, this level is seen as a

small interference deformation in other measured data, such as the total and

fission reaction channel. Although further analysis is needed, this work adopted

the resonance parameter configuration of the ENDF/B-VIII.0 evaluation, con-

sisting of a description of the resonance capture near 0.2 eV as a doublet slightly

below and above that energy region. Some of the difficulties in describing the

low-energy range relate to the very small capture width and the correlation

between the fission and capture channels. In this regard, the uncertainty as-
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sociated with the capture and fission measured data considerably affected the

results of the optimization procedure. In fact, although the reasonable fit ob-

tained in the sequential optimization procedure of the measured data as shown

in Fig. 9, the current fit is still unable to accurately describe the low-lying reso-

nance for the fission channel by using the cross section uncertainty provided by

the measured data.

5.4. Future updates above 600 eV

In addition to our results for the observed neutron resonance energies up to

600 eV, the availability of total and fission measured data up to the first inelas-

tic state at 40.35 keV is very valuable information; it could be used for further

extension of the evaluation in the RRR as well as the quantification of the av-

erage reaction cross sections in the URR. In this regard, Guber’s measurements

performed at ORELA in the late 1990s represent the most suitable experimen-

tal database for this analysis because of their extremely high resolution for the

total and fission reaction channel that, in magnitude, is the dominant reaction

process.

The R-matrix analysis to extend the RRR evaluation up to 2.5 keV was

initiated, with the fit of the Guber transmission data and fission cross sections

following the generation of populations of energy levels and resonance param-

eters sampled from the Wigner and Porter-Thomas distributions, respectively,

for the two compound-nuclear states of positive parity, J = 2+ and J = 3+.

The results of the fit up to 2.5 keV are shown in Fig. 10, for which the capture

reaction channel is described by the Weston data [35] with an average capture

width of 39 meV, according to the Reich-Moore approximation. The system-

atics of the resonance levels obtained after the fit of the measured data up to

2.5 keV are shown in Figs. 11–12.

Figure 11 shows the cumulative number of observed and predicted resonance

levels N &3000 versus the incident neutron energy E for 233U. The figure shows

a nearly linear slope that extends to about 2.5 keV. It indicates that in the

vast majority of our reported levels, both strong and narrow weak s-levels were
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Figure 9: Comparison between measured and calculated cross sections for total (Pattenden),
fission (Calviani), and capture (Weston) cross sections in the energy range between 0 and
100 eV.
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included in the set of initial resonance parameters. The figure includes various

fitted straight lines, which imply mean s-level spacings 〈Dl,J〉 for partial (green

and purple dots) and mixed populations (blue dots). As expected, the 〈Dl〉 of

233U tends to be much smaller than that of even-A isotopes, since 233U has two

randomly mixed independent populations.
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Figure 11: Plot of the cumulative number of observed s-levels (blue dots) vs energy for
n+233U. The values of average s-level spacings for two J-spin populations, 〈Dl〉, and the
mixed population, 〈Dl,J 〉, shown in the plot represent the inverse of the slope of a straight
line (in black) fitted to the data (green and purple dots).

Figure 12 graphs the cumulative reduced neutron widths Γ0`
n,λ related to the

neutron width by Γ0`
n,λ = Γ`n,λ

√
1 eV/Eλ, where v`(Eλ) = P`(Eλ)/P0(Eλ) is

the normalized centrifugal-barrier penetration factor (unitary for s-wave). The

slope of the plot obtained by the best fit of the reduced neutron widths (colored

dots) corresponds to the S`,J neutron strength function for each population and

mixed populations. From the fitted values of the neutron strength functions for

each population, there is a weak J-dependence.

The analysis of the statistical properties of the resonance parameters (en-
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ergy levels and reaction widths) is useful as a test of the nuclear reaction theory

in particular. Therefore, a comprehensive analysis of the systematics of ob-

served s-wave resonances should also include comparisons with known Gaussian

Orthogonal Ensemble (GOE) distributions, e.g., comparisons of the calculated

reduced (neutron and fission) widths within the Porter-Thomas distribution and

the energy levels within the Wigner distribution as shown in Figs. 13–15.
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Figure 12: Plot of the cumulative reduced neutron-widths of observed s-levels (blue dots)
vs. energy for n+233U. The slopes of the straight lines give the strength function S0,J (in
10+4 unit).

In the figures, a slight deviation from the theoretical distributions is noticed

that is prominent mainly for the values of the distributions near zero. This might

indicate an overestimation of the very narrow levels with very small widths for

both neutron and fission channels, and it might be understood by the tendency of

the fitting procedure to fit clusters of resonances instead of resonance levels with

well-resolved neutron and fission widths. Additional work is in progress to verify

this hypothesis and improve the agreement with the theoretical distributions as

an important constraint in the extension of any R-matrix analysis.
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with the Wigner distribution (in black and gray histograms) normalized to unity for `=0 and
J-spin populations J = 2+, 3+. The dimensionless variable x is defined by the ratio of the
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Figure 14: The results of the Porter-Thomas distribution (in red) are compared with the
theoretical distribution (in black and gray histograms) normalized to unity for `=0 and J-
spin populations J = 2+, 3+. The dimensionless variable x is defined by the ratio of the
`-wave neutron width and its average, respectively
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Figure 16: Average and energy-dependent experimental corrections factor related to Guber’s
transmission measured data in the neutron energy range up to 40 keV.

As an additional and important step in the procedure to extend and evaluate

the reaction cross sections in the URR, quantification of the experimental cor-

rections, such as Doppler and resolution broadening, is needed. In the specific

case of the total and fission cross sections, Guber’s transmission and fission data

measured at ORELA are suitable for this task because both data sets extend

up to 40 keV. An example of the average and energy-dependent experimental

correction factors for the total reaction channel is shown in Fig. 16, where the

correction factor is estimated at between 2 and 5%. It was calculated by com-

paring the theoretical cross sections and their convolution with the calculable

experimental corrections. The calculation of the cross sections over such a large

energy range above 2.5 keV was possible by generating randomly sampled pop-

ulations of resonance parameters between 2.5 and 40 keV according to the usual

distributions. This approach represents an important step toward including the

most updated and comprehensive experimental information in future releases of
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the ENDF/B library.

6. Benchmark Analysis of the Updated Evaluation

The new resonance file extending up to 600 eV was integrated into the up-

dated 233U evaluation (e80u3a3) to become the new 233U evaluated file dis-

cussed in this work (e80u3a506c), and selected solution benchmarks were exe-

cuted to check the impact. The following benchmarks from the ICSBEP Hand-

book were considered to evaluate the performance of changes in the thermal

and epithermal region:

• U233-SOL-THERM-[001, -008, -009] unreflected nitrate solutions

• U233-SOL-THERM-005 water-reflected nitrate solutions

• U233-SOL-THERM-015 uranyl-fluoride solutions with different reflectors

We excluded the U233-SOL-THERM-012 water-reflected and U233-SOL-THERM-

013 unreflected cases from Oak Ridge because we could not explain the high

reactivity prediction, which is contradictory to other benchmarks. All other

233U benchmarks in the ICSBEP Handbook include other reflector materials

or 233U solution vessels immersed in water, which would require extensive sen-

sitivity studies to determine the possible impact of additional materials and

additional geometrical complexity. In Fig. 17 we check the impact of the fol-

lowing changes to the original ENDF/B-VIII.0 evaluation (labeled “e80”):

• The PFNS from the evaluation with Standards-2017 for incident thermal

neutrons and the PFNS by Rising [13] from the IAEA CRP [14] (label

“e80u3a3”)

• Changes in the previous item plus new resonance parameters from ORNL

(labeled “e80u3a506c”)

Figure 17 shows that the strong negative gradient observed with ENDF/B-VIII.0 eval-

uation is greatly reduced by the softer PFNS spectrum. The new ORNL reso-

nance parameters further reduce the gradient, although some underestimation
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Figure 17: Selected 233U solution-benchmark results with updated PFNS (e80u3a3) and up-
dated PFNS and resonance data (e80u3a506c) compared with ENDF/B-VIII.0 (e80) results.

of reactivity begins to appear at FEPIT values greater than 40 %. The overall

situation of the benchmark results is shown in Fig. 18. The comparison includes

the ENDF/B-VII.1 library (label “e71”); the ENDF/B-VIII.0 library (labeled

“e80”); the 233U evaluation from this work (labeled “e80u3a506c”); and the

full suite of INDEN evaluations, which include improvements to chromium (new

evaluation), iron (corrections to 56Fe from ENDF/B-VIII.0), oxygen (including

correction to JENDL-4/HE), fluorine (adopted from JENDL-4/HE), and the

233U evaluation from this work (labeled “e80Fe X29r39ojCrKUW”). Figure

18 shows that the trend observed in ENDF/B-VIII.0 is similar to that seen

in ENDF/B-VII.1, except for some additional negative shift in reactivity. The

impact of the other INDEN evaluations is a positive shift in reactivity (compar-

ing e80Fe X29r39ojCrKUW with e80u3a506c), which happens to match

the benchmark values almost perfectly. The largest impact of the new INDEN
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Figure 18: Selected 233U solution-benchmark results with improved evaluations (e80u3a506c
and full INDEN e80Fe X29r39ojCrKUW) compared with previous ENDF/B-VII.1 (e71)
and ENDF/B-VIII.0 (e80) results.
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Figure 19: 233U benchmark results with improved evaluations (e80u3a506c and full
INDEN e80Fe X29r39ojCrKUW) compared with previous ENDF/B-VII.1 (e71) and
ENDF/B-VIII.0 (e80) results for the U233-SOL-INTER-001 benchmark (many cases).

evaluations on this group of 233U solution benchmarks is due to the reduced

absorption in the adopted JENDL-4/HE evaluation of 16O.

To gain more insight into the performance of the 233U evaluation in inter-

mediate neutron spectra, the U233-SOL-INTER-001 group of benchmarks from

the Falstaff program at Lawrence Livermore National Laboratory was analyzed.

Unfortunately, there are no similar highly enriched uranium benchmarks for an

intermediate neutron spectrum. The U233-SOL-INTER-001 group of bench-

marks is complementary to the U233-SOL-THERM-015 group of benchmarks

from the same laboratory undertaken in the same installation. The results are

shown in Fig. 19. From the figure it is seen that the covered FEPIT range

extends from 50 % to 75 %. The reactivity trends are consistent with the U233-

SOL-THERM-015 in the sense that the reactivity trends are just extrapolations

to higher FEPIT values with approximately the same gradient. Some small
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negative bias is observed, but there are large fluctuations among benchmark

cases with different FEPIT values.

In spite of the excellent benchmark results shown in this section, it should

be mentioned that at least two groups of benchmarks (U233-SOL-THERM-012

and U233-SOL-THERM-013) show significantly higher reactivity. There are

also benchmarks involving other materials, which have not been analyzed in

detail. Finally, there are always possibilities of systematic errors in individual

groups of benchmarks.

7. Summary and Conclusions

Following poor benchmark performance for thermal solutions of the 233U eval-

uation observed in both ENDF/B-VII.1 and ENDF/B-VIII.0 releases of the US

nuclear data library [3, 4], this paper first reported an analysis of the systemat-

ics of the calculated and measured keff for 233U solutions. Large outliers in the

benchmark calculations were identified as related to spherical thermal solution

benchmarks with beryllium reflectors thinner than 3 cm.

However, once those outliers were removed, the problem of underestimated

reactivity was still most likely to be linked to deficiencies in the evaluated cross

sections and fission neutron spectra.

Following the updates in 233U evaluations using differential data for both

thermal cross sections and multiplicities as well as PFNS, a new evaluation of

resonance parameters using all existing experimental data normalized to the

IAEA 2017 TNC was undertaken.

Available PFNS evaluations produced within the IAEA CRP [14, 12] were

used to replace existing PFNS evaluation in the ENDF/B-VIII.0 library up to

5 MeV. A lower average energy of the PFNS evaluation at the thermal point

induced a shift in reactivity of about +500 pcm, which improved benchmark

performance but did not eliminate fully the observed trend vs. the epithermal

fraction (FEPIT).

In the evaluation of resonance parameters within the R-matrix Reich-Moore

approximation for s-wave–induced neutron energies in the 233U nucleus—within
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the energy range from thermal up to different energy ranges obtained from

the SAMMY analysis of a selected experimental database—the first step of the

analysis was devoted to recalibration of the fission cross sections to ORELA and

nTOF measured data, as well as incorporation of the newly evaluated thermal

constant values [6]. Since several data sets extended from the thermal region,

these were renormalized consistently to the new thermal values. As shown in

Fig. 6, the experimental database is comprehensive in all reaction channels up

to 2 keV.

Based on the statistical properties of the resonance parameters, this work

reports the quantification of the external R-matrix function and the correlations

among the available reaction channels. As defined in this paper, the external

function is highly correlated, as well as highly uncertain, for very small neutron

energies. This analysis attempted to establish a consistent procedure for defining

the external levels and related covariances. A preliminary evaluation e80u3a506c

was released up to 600 eV. Additional work for a possible extension of the RRR

evaluation to 2.5 keV, which is also related to the evaluation of the URR up

to 40 keV, was discussed, together with the experimental corrections factor

needed for the evaluation procedure. Moreover, future updates to the R-matrix

evaluation should include, when available, newly measured α-ratio data [15]. As

previous measurements performed by Weston [35], simultaneous measurements

on 233U nucleus are characterized by the challenge to accurately distinguish

between capture and fission γ-rays when the capture events are considerably

smaller than the fission events. Consistency between neutron multiplicity and

R-matrix evaluation should be also achieved as a step forward.

A newly assembled evaluated 233U file was made available through the IN-

DEN collaboration3. The unreflected solution benchmark performance of this

file shows a significant improvement over previous ENDF/B evaluations, and

the new file combined with other updated INDEN evaluations shows practically

no trend as a function of FEPIT for the selected set of 233U solution bench-

3Available at the INDEN webpage https://www-nds.iaea.org/INDEN/, May 15,2020
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marks. A critical review of additionally available 233U solution benchmarks is

desirable. Further evaluation work addressing both the resonance and the fast

neutron regions is warranted.
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